Vibrio cholerae is the etiologic agent of cholera in humans. Intestinal colonization occurs in a stepwise fashion, initiating with attachment to the small intestinal epithelium. This attachment is followed by expression of the toxin-coregulated pilus, microcolony formation, and cholera toxin (CT) production. We have recently characterized a secreted attachment factor, GlcNAc binding protein A (GbpA), which functions in attachment to environmental chitin sources as well as to intestinal substrates. Studies have been initiated to define the regulatory network involved in GbpA induction. At low cell density, GbpA was detected in the culture supernatant of all wild-type (WT) strains examined. In contrast, at high cell density, GbpA was undetectable in strains that produce HapR, the central regulator of the cell density-dependent quorum-sensing system of V. cholerae. HapR represses the expression of genes encoding regulators involved in V. cholerae virulence and activates the expression of genes encoding the secreted proteases HapA and PrtV. We show here that GbpA is degraded by HapA and PrtV in a time-dependent fashion. Consistent with this, ⌬hapA ⌬prtV strains attach to chitin beads more efficiently than either the WT or a ⌬hapA ⌬prtV ⌬gbpA strain. These results suggest a model in which GbpA levels fluctuate in concert with the bacterial production of proteases in response to quorumsensing signals. This could provide a mechanism for GbpA-mediated attachment to, and detachment from, surfaces in response to environmental cues.
Vibrio cholerae has adapted to lifestyles in dual environments, allowing survival in aquatic locations, as well as the ability to colonize the epithelium of the human small intestine. This intestinal colonization by V. cholerae is a prerequisite for the disease cholera in humans. Intestinal colonization proceeds in a stepwise manner, initiating with attachment to the epithelial cell layer by multiple attachment factors (26) . This stable attachment localizes the bacterium in an environment conducive for activation of subsequent virulence factors, including the toxin-coregulated pilus, a type IVb pilus that mediates cell-cell interactions and microcolony formation (27) . Cholera toxin (CT) is produced and extracellularly secreted by bacteria within the microcolonies and enters into intestinal epithelial cells. CT causes the disruption of fluid and electrolyte balance and results in the voluminous rice water diarrhea characteristically observed with cholera patients.
The ability of V. cholerae to bind to surfaces is crucial for the initial stages of colonization of both the aquatic and intestinal environments. Previous studies observing V. cholerae in the aquatic setting identified the ability of the bacteria to attach to zooplankton and phytoplankton, binding to surface structures that include chitin as a major component (7, 10, 11, 19, 21, 42) . Chitin, a polymer consisting primarily of a ␤-1,4 linkage of GlcNAc monomers, is the most abundant aquatic carbon source and, when presented on the surfaces of zooplankton, aquatic exoskeletons, algae, and plants, provides a substrate for V. cholerae surface binding (8, (19) (20) (21) (22) . V. cholerae is able to break down chitin into carbon to use as a nutrient source via degradation by secreted chitinases (12) . We have described a protein, GbpA (GlcNAc binding protein A), which facilitates the binding of V. cholerae to chitin, specifically to the chitin monomer GlcNAc, a sugar residue that is also found on the surface of epithelial cells (3, 16, 26) . GbpA mediates binding to chitin, GlcNAc, and exoskeletons of Daphnia magna, as well as participates in effective intestinal colonization within the infant mouse model of cholera (26) . GbpA is a secreted protein that exits the cell via the type 2 secretion system by which it mediates attachment by a yet uncharacterized mechanism (26) . Previous studies examining the role of GbpA in binding to surfaces have been conducted utilizing various wild-type (WT) strains of V. cholerae, specifically O395 (26) and N16961 (33) . These strains both are of the O1 serogroup but are differentially classified as classical (43) and El Tor biotypes (18) , respectively. The classical biotype was responsible for the first six pandemics of cholera, whereas El Tor is the cause of the current pandemic (39) .
Quorum sensing regulates multiple bacterial processes, including virulence, formation of biofilms, and bioluminescence (25, 35, 36) . In contrast to many other bacterial quorum-sensing systems, virulence gene expression and biofilm formation in V. cholerae is expressed under conditions of low cell density and repressed at high cell density (17, 35, 48) . HapR, a member of the TetR family of regulatory proteins, is a central regulator on which the three parallel inputs of the V. cholerae quorum-sensing system converge (30, 35) . During low-cell-density conditions, characteristic of growth within the aquatic environment or stages of early intestinal colonization, the quorum-sensing system is not engaged. Under conditions of high cell density, bacterial numbers and secreted autoinducer mol-ecules are increased to a level that triggers the V. cholerae quorum-sensing system.
HapR regulates gene function in two ways, serving as both an activator and repressor. At high cell density, HapR functions in the capacity of a repressor of the toxin-coregulated pilus and CT virulence cascade (29, 31) as well as a repressor of vps gene expression (17) , preventing biofilm formation. In addition to repressing gene expression, at high cell density HapR activates the expression of genes encoding extracellularly secreted proteases HapA and PrtV (14, 17, 23, (45) (46) (47) . HapA, also referred to as hemagglutinin/protease (HA/P), was first reported as a mucinase by Burnet (6) and later characterized as a zinc-and calcium-dependent metalloprotease (4) . Extracellularly secreted via the V. cholerae type 2 secretion pathway (40) , HA/P has been demonstrated to cleave fibronectin, lactoferrin, and mucin (15) , as well as to participate in the activation of the CT A subunit (5) . Further studies have led to the suggestion that HA/P is a detachase, critical for the release of V. cholerae from the surface of intestinal cells (2, 14, 38) . PrtV is a second protease encoded by a gene that is activated by HapR (47) . It has been demonstrated to be essential for both V. cholerae killing of Caenorhabditis elegans, as well as protecting V. cholerae from predator grazing by various flagellates (32, 45) .
The data presented here indicate that HapA and PrtV participate in the targeted degradation of the attachment factor GbpA. We demonstrate that GbpA is present during the logarithmic phase of growth and conditions of low cell density but that it is not present in the supernatant of high-cell-density cultures of strains that express functional HapR. Further studies revealed that during stages of high cell density, proteases HapA and PrtV, encoded by HapR-activated genes, are responsible for GbpA degradation in the culture supernatant. These findings suggest that the attachment factor GbpA is potentially a ligand targeted for protease degradation during the epithelial detachment process. This process could aid in the release of V. cholerae back into the aquatic environment following late stages of intestinal colonization.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains utilized in this study are described in Table 1 . All strains were grown in aerated LB broth at 37°C. When necessary, cultures were supplemented with 2.5 or 5 mM GlcNAc (Sigma) for optimal GbpA expression (33) and 0.02% arabinose (Sigma) to induce expression of genes inserted into pBAD-TOPO. Strains cultivated on solid medium were grown on 1.5% LB agar supplemented with antibiotics, when appropriate. Bacterial cultures (16 h) were diluted 1:100 into fresh media at the time zero (T ϭ 0) time point of the time course assays. Antibiotics were used at the following concentrations: streptomycin, 100 g/ml; ampicillin, 100 g/ml; and kanamycin, 45 g/ml.
Strain construction. In-frame deletions of genes of interest were constructed using the plasmids listed in Table 1 . PCR was used to amplify two approximately 500-base-pair fragments flanking the gene of interest and to introduce restriction sites for cloning purposes. Fragments were cloned into restriction-digested pKAS154 using a three-fragment ligation. Escherichia coli S17-1pir harboring each plasmid was mated with C6706 Str2, and allelic exchange was carried out as described previously (41) . Expression plasmids were constructed using PCR amplification and then cloned into the vector pBAD-TOPO (Invitrogen).
Western blotting analysis. Bacterial cultures were grown as described, and samples were centrifuged at 16,000 ϫ g for 5 minutes to pellet bacteria. Culture supernatants were collected and passed though a 0.2-m filter (Millipore). Equal volumes of culture supernatant samples were added to an appropriate volume of 4ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer (1) boiled for 5 min, and proteins were separated on a 12.5% sodium dodecyl sulfate-containing polyacrylamide gel. Proteins were subsequently transferred to nitrocellulose at 4°C using a wet-transfer apparatus (Bio-Rad) and glycine buffer (25 mM Tris, 192 mM glycine, 20% methanol). Primary anti-GbpA antiserum (26) was utilized at a dilution of 1:1,000. Goat anti-rabbit secondary antiserum (Cappel) was applied at a dilution of 1:100,000. Immunodetection was achieved via use of chemiluminescent detection reagents (Amersham). Densitometry of bands was calculated using ImageJ (NIH), and results were graphed using Prism (GraphPad).
Chitin bead binding assay. Strains were grown for 18 h at 37°C. Magnetic chitin beads (New England BioLabs) were washed three times in phosphatebuffered saline (PBS). The beads were mixed with an equal volume of culture and rotated at 37°C for 30 min. The supernatant was removed by applying the mixture tube to a magnetic rack (Invitrogen), and 1 ml of PBS was added to the beads. The tube was inverted gently four to six times and then applied to the magnet in order to pipette away the unbound bacteria. This was repeated a total of three times. A total of 1 ml of PBS and 0.2 g of 0.5-mm glass beads were added to the washed chitin beads and vortexed for 60 s at high speed to remove bound bacteria. The resulting bacterial suspension was serially diluted and plated for enumeration. The adherence index was calculated by dividing the output by the input numbers of CFU/ml (output/input).
Casein hydrolysis assay. Protease production was evaluated by hydrolysis of casein (milk) in plates. Strains were grown at 37°C on plates containing 18.4% brain-heart infusion (Difco), 3% agar (Difco-BD), and 4% nonfat evaporated milk (Carnation). The level of secreted protease activity was estimated by examination of zones of clearance surrounding bacterial growth. HapR C6706 This study a Km r , kanamycin resistance; Sm r , streptomycin resistance; Ap r , ampicillin resistance; Tp r , trimethoprim resistance.
␤-Galactosidase assays. Experiments measuring the transcriptional activation of V. cholerae lacZ fusions were carried out as previously described (34) .
RESULTS AND DISCUSSION
Expression of HapR results in the loss of GbpA. In order to determine whether GbpA is a generalized attachment factor for V. cholerae, we examined the high-cell-density culture supernatant of several WT strains grown for 16 h for the presence and levels of GbpA. Western blotting analysis of the culture supernatants with anti-GbpA antisera revealed that GbpA was present in the classical biotype strain O395 but not in the El Tor biotype strain C6706 (Fig. 1A) . Interestingly, when we examined N16961, another El Tor biotype strain, we found that GbpA was present (Fig. 1B) . Although belonging to different biotypes, O395 and N16961 both have frameshift mutations in the coding sequence of hapR. The frameshift introduces a premature stop codon at residues 68 and 79, respectively (24), resulting in truncated, nonfunctional proteins and a loss in the ability of these strains to respond to changes in surrounding cell density (48) . In contrast, C6706 encodes a full-length HapR protein. To determine if the lack of GbpA detected in the C6706 strain was a consequence of its HapR status, we examined an isogenic C6076 ⌬hapR strain for the presence of GbpA in the culture supernatant. GbpA was detected in the culture supernatant of the C6706 ⌬hapR strain at levels comparable to that observed for N16961 ( Fig. 1A and  B ). Additionally, when the hapR mutant of N16961 was replaced with a WT allele at its native locus, GbpA was no longer detected in the culture supernatant ( Fig. 1B) . Although the levels of GbpA expressed by the El Tor biotype never reached those observed for the O395 classical biotype, we speculate that this is due to additional regulatory factors that are distinct between these two biotypes. These results link the presence of HapR and the resulting functional quorum-sensing system with a loss of GbpA in the culture supernatant at high cell density. GbpA is present at low cell density. Due to the role of HapR in cell density-dependent gene regulation, we next examined whether C6706 produces GbpA under low-cell-density conditions when HapR levels are low. Samples of C6706 culture supernatants were obtained at intervals ranging from low to high cell density. We observed that at early time points, specifically at 4 and 6 h, GbpA was present in the C6706 culture supernatant (Fig. 1C) . However, the levels of GbpA in the culture supernatant by 16 h were undetectable. In contrast, the levels of GbpA in the supernatant of the C6706 ⌬hapR strain remained similar over time. These results indicate that C6706 produces GbpA during its early phase of growth and that its loss is dependent on the HapR regulatory effects that occur at high cell density.
GbpA loss at high cell density is due to protease degradation. To test whether HapR directly regulates gbpA expression, we utilized a series of gbpA-lacZ fusions to measure transcriptional levels. We observed no change in the transcription of gbpA in ⌬hapR strains compared to the C6706 WT at any cell density or in various growth and induction conditions ( Fig.  2A) . These results suggested that it was unlikely that HapR functions to repress gbpA at the level of transcription. This led us to hypothesize that extracellularly secreted proteases HapA and PrtV, which are encoded by HapR-activated genes, might degrade GbpA in the culture supernatant under conditions of high cell density.
To test whether GbpA is specifically degraded by proteases produced at high cell density, we constructed in-frame deletions of hapA, prtV, or both in the C6706 background. Loss of protease production was evaluated by growth of strains on casein plates and examination of zones of clearance (Fig. 1D) . Deletion of hapA resulted in a decreased zone of clearance on a casein plate compared to that produced by the WT strain. In contrast, the prtV mutant produced a zone of clearance that was not significantly decreased compared to that of the WT, indicating that PrtV may be expressed at lower levels or is less active on casein than HapA. However, the ⌬hapA ⌬prtV double mutant produced almost no zone of clearance, similar to the ⌬hapR strain.
Analysis of high-cell-density culture supernatants with anti-GbpA antisera revealed a partial restoration of GbpA levels in the ⌬hapA mutant ( Fig. 1A) . Loss of prtV alone did not significantly restore GbpA under these conditions, consistent with the observations with the casein plates. However, GbpA was restored in the ⌬hapA ⌬prtV double mutant to levels similar to those of the ⌬hapR mutant, with more GbpA present in these strains than in either of the single protease gene deletion strains (Fig. 1A) . These results indicate that both HapA and PrtV contribute to the degradation of GbpA in V. cholerae.
The degradation of GbpA by HapA and PrtV was also examined with the O395 background by expressing these proteins from an inducible promoter (Fig. 2B) . Analysis of overnight culture supernatants of the O395 strain overexpressing FIG. 2. GbpA loss at high cell density is due to protease degradation. (A) Overnight cultures of O395 ⌬gbpA-lacZ, C6706 ⌬gbpA-lacZ, and C6706 ⌬gbpA-lacZ ⌬hapR were assayed for ␤-galactosidase production. (B) Immunoblot of culture supernatants probed with anti-GbpA antiserum for strains O395, O395 ϩ pHapA, and O395 ϩ pPrtV, with 0, 2.5, or 5 mM of GlcNAc added for increased GpbA induction. (C) Supernatants containing proteases encoded by HapRactivated genes are sufficient for GbpA degradation. A high-cell-density culture supernatant from O395 containing GbpA was collected, filtered to remove bacterial cells, mixed with high-cell-density filtered culture supernatants from C6706 strains with different protease secretion profiles, and incubated at 37°C. Samples of the mixed supernatants were removed at time points of 0, 2, 4, and 6 h. GbpA levels were detected in the various samples via Western blotting with anti-GbpA antiserum and quantified by performing densitometry. The histogram above the blot depicts the mean intensity of the bands observed in individual lanes, with each bar corresponding to the band located directly below it. The data are representative of at least three independent experiments.
HapA revealed that the full-length form of GbpA had been degraded into several smaller products recognized by anti-GbpA antisera. The O395 strain overexpressing PrtV showed a more subtle effect, only slightly reducing the levels of GbpA compared to the WT. These findings are consistent with those described above for the C6706 background, in which HapA appears to have a stronger influence on GbpA degradation than PrtV (Fig. 1A) .
We next tested whether supernatants containing proteases encoded by HapR-activated genes are sufficient for GbpA degradation. To do this, an in vitro assay was developed whereby a supernatant from O395 containing high levels of GbpA was incubated with supernatants from WT C6706 and various mutant derivatives, the ⌬hapR ⌬gbpA, ⌬hapA ⌬gbpA, ⌬prtV ⌬gbpA, and ⌬hapA ⌬prtV⌬gbpA strains. All strains were grown to high cell density. Supernatants obtained from all strains were filtered to remove contaminating bacteria and prevent the possibility of bacterial growth and de novo protease production during the assay. Supernatants were mixed and incubated. When the WT C6706 supernatant was mixed with a GbpA-containing supernatant, we observed GbpA degradation in a time-dependent fashion (Fig. 2C ), similar to the results observed in vivo ( Fig. 1A and C) . When the GbpAcontaining supernatant was incubated with a supernatant from a strain lacking HapA protease, GbpA remained present at stable levels throughout the duration of the experiment (Fig.  2C) . Although no clear role for PrtV-mediated degradation was observed in this in vitro analysis, full degradation of GbpA appears to require PrtV during bacterial growth (Fig. 1A) . These results suggest that proteases encoded by HapR-activated genes present in the culture supernatants are responsible for the degradation of GbpA. However, it cannot be ruled out that the target of these proteases is not GbpA directly but another intermediate protein, which itself cleaves GbpA.
Finally, we examined the ability of C6706 strains to bind to chitin beads following high-cell-density growth. WT, ⌬hapA ⌬prtV, and ⌬hapA ⌬prtV⌬gbpA strains were cultured for 18 h to high cell density. The cultures were then incubated with chitin beads, unbound bacteria were washed away, and the number of bound bacteria recovered from the beads was quan-tified. Under these conditions, approximately four times more ⌬hapA ⌬prtV bacteria were bound to the beads than were WT bacteria ( Fig. 3 ). This enhanced attachment of the double ⌬hapA ⌬prtV mutant strain to the chitin beads is mediated by GbpA, since the ⌬hapA ⌬prtV ⌬gbpA triple mutant appeared similar to the WT.
The protease-mediated degradation of GbpA by HapA and PrtV may provide a mechanism that enhances bacterial release from surfaces when the localized bacterial cell density is high (Fig. 4) , as evidenced by the chitin bead binding assays. V. cholerae in the aquatic environment persists as both planktonic and surface-attached populations (Fig. 4A) . V. cholerae cells are often ingested while attached to aquatic substrates (Fig.  4B) (9) . Upon ingestion, planktonic bacteria swim toward sites of colonization, where additional secretion of GbpA would provide a ligand for attachment to epithelial cell surfaces (Fig.  4C) . Following replication and virulence factor production in the host intestine, local cell density increases. This induces the quorum-sensing system, and the resulting degradation of GbpA by HapA and PrtV, which would facilitate release of the bacteria from the epithelial surface and expedite their return to the aquatic environment (Fig. 4D) .
Although the presence of a functional quorum-sensing system is not essential for the process of intestinal colonization, it cholerae via contaminated food and water localize the bacteria to the small intestine. (C) Bacterial attachment to the epithelial surface is followed by virulence factor production, leading to sites of colonization from which CT is secreted, causing typical cholera symptoms. (D) Due to high localized cell density, the quorum-sensing system is activated. This leads to the repression of the expression of genes encoding virulence factors as well as activation of the expression of genes encoding secreted proteases that function to degrade attachment factors, such as GbpA, detaching bacteria to be released back into the aquatic environment. VOL. 191, 2009 PROTEOLYSIS OF A V. CHOLERAE ATTACHMENT FACTOR 6915 may prove to be important for enhancing the V. cholerae transition between the host and the aquatic environment. This may provide an evolutionary advantage for C6706 over strains such as O395 and N16961, in which GbpA is present at all stages of growth and cell density. In these strains, GbpA may be able to facilitate colonization to surfaces but may not efficiently release from those surfaces.
In conclusion, this study has identified a novel cell densitydependent mechanism for regulating the presence of an attachment factor of V. cholerae. Although HapA has previously been hypothesized to be a detachase critical for the release of V. cholerae from the surface of intestinal cells (2, 14, 38) , its precise target has remained unknown. The finding here, that GbpA is degraded by both HapA and PrtV, provides at least one attachment-specific role for these proteases. We are currently investigating the mechanism by which GbpA mediates attachment to surfaces. However, GbpA is not the sole attachment factor involved in V. cholerae binding to surfaces. It has previously been shown that loss of GbpA does not completely abolish V. cholerae binding to substrates either in vivo or in vitro (26) . Thus, additional attachment factors not yet characterized may also serve as targets of HapA-and PrtV-mediated degradation.
